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Simulating the Impacts of Irrigation Levels on Soybean Production in Texas High Plains to
Manage Diminishing Groundwater Levels
Vaishali Sharda, Prasanna H. Gowda, Gary Marek, Isaya Kisekka, Chittaranjan Ray, and Pradip Adhikari
Research Impact Statement: Soybean in Texas High Plains can be irrigated at a lower total amount of irriga-
tion application without compromising yields, thus conserving water and contributing toward lesser groundwa-
ter withdrawals.
ABSTRACT: There is an increasing need to strategize and plan irrigation systems under varied climatic condi-
tions to support efficient irrigation practices while maintaining and improving the sustainability of groundwater
systems. This study was undertaken to simulate the growth and production of soybean [Glycine max (L.)] under
different irrigation scenarios. The objectives of this study were to calibrate and validate the CROPGRO-Soybean
model under Texas High Plains’ (THP) climatic conditions and to apply the calibrated model to simulate the
impacts of different irrigation levels and triggers on soybean production. The methodology involved combining
short-term experimental data with long-term historical weather data (1951–2012), and use of mechanistic crop
growth simulation algorithms to determine optimum irrigation management strategies. Irrigation was scheduled
based on five different plant extractable water levels (irrigation threshold [ITHR]) set at 20%, 35%, 50%, 65%,
and 80%. The calibrated model was able to satisfactorily reproduce measured leaf area index, biomass, and
evapotranspiration for soybean, indicating it can be used for investigating different strategies for irrigating soy-
bean in the THP. Calculations of crop water productivity for biomass and yield along with irrigation water use
efficiency indicated soybean can be irrigated at ITHR set at 50% or 65% with minimal yield loss as compared to
80% ITHR, thus conserving water and contributing toward lower groundwater withdrawals. Editor’s note: This
paper is part of the featured series on Optimizing Ogallala Aquifer Water Use to Sustain Food Systems. See the
February 2019 issue for the introduction and background to the series.
(KEYWORDS: CROPGRO-Soybean; irrigation water use efficiency; crop water productivity; deficit irrigation; ir-
rigation strategy.)
INTRODUCTION
Due to changing climate and inconsistent precipi-
tation patterns, groundwater is becoming a promi-
nent source of water in arid and semiarid regions of
the world (Ruud et al. 2004; Uddameri et al. 2017).
Dwindling groundwater resources pose a threat to
global food security (Hanjra and Qureshi 2010) and
adversely impact rural economies worldwide (Burke
and Moench 2000; Wang et al. 2017). Agriculture
uses approximately 80% of ground and surface water
in the United States (U.S.) annually (USDA 2013).
Additionally, recent decline in water availability and
droughts are becoming critical factors impacting crop
yield goals in the U.S. (Lobell and Field 2007). In
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recent years, sustainability of groundwater for agri-
cultural production has received substantial attention
from the research community along with development
of strategies to balance crop production and optimize
irrigation water requirements (Tilman 1999; Scanlon
et al. 2012; Guzman et al. 2018).
In the Ogallala aquifer region comprising of
Nebraska, Kansas, Texas, Oklahoma, and parts of
South Dakota, Wyoming, Colorado, and New Mexico
groundwater from underlying Ogallala aquifer is the
primary source of irrigation for production of crops
such as cotton, corn, sorghum, soybean, peanuts, and
winter wheat (USDA-NASS 2017). In recent times, it
has become important to improve water use efficiency
(Modala et al. 2015; Dietzel et al. 2016) to sustain
the use of groundwater from the Ogallala aquifer
while maintaining crop water productivity (CWP)
(Araya et al. 2017). Several past studies have shown
that managing groundwater depletion can be
achieved using deficit or limited irrigation methods
that decrease irrigation input while maintaining crop
production (Klocke et al. 2012; Lamm et al. 2014).
Soybean (Glycine max L.) is one of the main crops
grown around the world and the U.S. as an important
source of oil and protein for the animal feed industry.
In a three-year study conducted in Nebraska (Schneek-
loth et al. 1991), it was found that deficit irrigation on
soybean did not significantly affect yields and con-
served an average 119 mm of seasonal water over full
irrigation treatment. Depending on the maturity char-
acteristics of the hybrid planted and annual weather
conditions, soybean requires about 400–635 mm water
in the Texas High Plains (THP) (Bean and Miller
1998). In soybean crops, reproductive and vegetative
growth coexist for some duration of the growth cycle
(Setiyono et al. 2007). Soybean is sensitive to water
stress at all stages of growth and grain yields are usu-
ally linearly related to water use from the stage when
seed yield begins to accumulate until the point of maxi-
mum yield is reached. However, soybean typically
requires less irrigation as compared to other irrigated
crops such as corn and water saving irrigation strate-
gies can be useful in maintaining soybean yields
(Lamm et al. 2007). Some researchers have found that
the time between flowering and the beginning of seed
formation is the soybean reproductive stages that are
most susceptible to water stress. Water stress imposed
on a soybean crop during these stages reduces vegeta-
tive growth, therefore affecting yield (Hodges and
Heatherly 1983). Some studies (Spetch et al. 1989;
Garcia y Garcia et al. 2010) have shown that irrigating
only during reproductive stages could result in yields
comparable to that under full irrigation, thus allowing
for water stress during less critical growth stages. Def-
icit irrigation of soybean has been found to maximize
CWP without significant reduction in yield by timing
the irrigation applications with critical periods for
water stress (Irmak et al. 2014), which might require
understating the response of each growth stage of the
crop to water stress (Dogan et al. 2007a, b).
The total irrigation amount is greatly affected by
the decision on when to initiate the irrigation during
the growing season. Among other approaches, mea-
surements or estimates of soil available water and crop
water use rates present a more reliable strategy to
schedule irrigation for soybean (Rogers 2015) than
growth-based scheduling. Irrigation scheduling in this
form can be achieved by using either soil water mea-
surement devices or evapotranspiration (ET)-based
irrigation scheduling (Ciampitti et al. 2018). Studies
have shown that scheduling irrigation for soybean by
soil water depletion method (30% or 60% of plant avail-
able water) uses relatively less water (Ciampitti et al.
2018). The larger the threshold for soil water deple-
tion, the fewer the number of irrigations that were
applied. Therefore, a management approach using
estimates of soil water content could help to optimize
irrigation water use while not reducing soybean yields.
Given the erratic climate patterns that exist in the
THP, the biggest challenge is to optimally implement
deficit irrigation strategies without compromising
yield and economic returns. Combining short-term
field experiments with crop growth models using long-
term historic climate data can be a useful tool in identi-
fying suitable irrigation strategies (Kisekka et al.
2016). The Decision Support System for Agrotechnol-
ogy Transfer (DSSAT) (Hoogenboom et al. 2015) is one
of the most widely used crop simulation models for
evaluating agricultural management options (Thorp
et al. 2008) and to simulate crop water use and yield
along with the development of management strategies
for different soil and climatic conditions (McNider
et al. 2015). DSSAT version 4.6 is comprised of models
for more than 28 crops that simulate crop growth,
development, and yield along with management
strategies that involve irrigation, fertilizer application,
crop rotations, and others (Sharda et al. 2017).
The CROPGRO-Soybean model, included in
DSSAT, has been used to simulate crop phenology
(Salmeron and Purcell 2016) and yield along with
analyzing the impact of crop management parameters
on soybean growth (Dogan et al. 2007a, b; Salmeron
et al. 2017) along with being used in several climate
change studies (Bao et al. 2015; Battisti et al. 2017;
Walikar et al. 2018). The CROPGRO-Soybean model
has also been used to evaluate how various water
stress environments affected the yield of soybean in
Iowa (Paz et al. 1998) and Mississippi Delta Region
(Guzman et al. 2018). Sincik et al. (2008) investigated
the effects of deficit irrigation on soybean during field
studies and found that dryland and all deficit irriga-
tion treatments significantly decreased biomass and
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yield. However, relatively few studies have been con-
ducted in semiarid environments (Garside et al.
1992). Since there are multiple factors that could
affect soybean growth and yields for a region, it is
imperative that modeling approaches be implemented
to strategize irrigation for sustainable use of limited
groundwater resources at a regional level. Therefore,
this study was designed with an overall goal to iden-
tify irrigation management strategies that optimize
yield and maximize irrigation water use efficiency
(IWUE) while maximizing CWP in the THP. The
specific objectives of this study were to (1) calibrate
and validate the DSSAT-CROPGRO-Soybean model
for simulating soybean growth and yield in the THP
and (2) identify and evaluate different deficit irriga-
tion strategies that conserve water while providing
optimum crop yields.
METHODOLOGY
Study Area
Soybean was grown under sprinkler irrigation at
the U.S. Department of Agriculture/Agricultural
Research Service (USDA-ARS) Conservation and Pro-
duction Research Laboratory (CPRL) near Bushland,
Texas (35°11.N, 102°6.W, 1170 m elevation above
mean sea level) in the THP. This region has semiarid
climate with an annual precipitation of approxi-
mately 460 mm (Marek et al. 2017), with nearly
325 mm of precipitation falling from May to Septem-
ber. The region experiences high diurnal temperature
variability with a mean temperature during soybean
growing season of approximately 24°C. The soil at
the study site is Pullman silty clay loam (fine, mixed,
thermic Torrertic Paleustoll). The experiment site
was a nearly square field of nearly 20 ha that was
subdivided into four 4.73 ha plots, each having a
large weighing lysimeter (built and managed by the
USDA-ARS CPRL) located in its center (Figure 1).
The fields slope to the east at ~0.15% and are usually
furrow diked to reduce runoff. The four fields were
designated according to the cardinal points as the
NE, SE, NW, and SW fields. The NE and SE lysime-
ter fields were irrigated with a 10-span, 457 m lateral
move irrigation system equipped with mid-elevation
spray application sprinkler drops (~1.5 m height).
Experimental Data
Hybrid soybean variety Pioneer 94B73RR was
grown in 2003 and 2004 in both NE and SE lysimeter
fields (Figure 1). Soybeans were inoculated with
Nitragin granular at 5.6 kg/ha in-furrow. Daily ET
values were measured using precision large weighing
lysimeters located at the center of each field. A neu-
tron probe measured weekly soil water content (to a
depth of 1.5 m) using two access tubes installed in
the lysimeters (Marek et al. 2017). Based on the
information obtained from the neutron probes, irriga-
tions were scheduled in a way that the soil water con-
tent can be maintained at a level to prevent water
stress (Marek et al. 2017).
The sowing dates for soybean were May 19 and
May 12 in 2003 and 2004, respectively, with a popu-
lation of 46 plants/m2 planted at a depth of 3 cm in
rows 0.76 m apart. Nitrogen (10 kg/ha) was applied
four days before planting and 63-14-48 kg/ha N-P-K
was applied 68 days after planting. Plant samples
were collected at different growth stages and plant
height, leaf area, above ground dry matter, and yield
were recorded. In season, plant sampling was done
from the surrounding field and no destructive sam-
pling was performed on the lysimeters until harvest,
at which time all biomass and yield was collected
from the lysimeter. Recommended pesticides were
used to control weeds, diseases, and insects. The soy-
bean management conditions used in this field study
are assumed to be representative for the THP.
DSSAT Description
The DSSAT-CROPGRO-Soybean (version 4.6)
(Boote et al. 1998; Hoogenboom et al. 2015) was used
to simulate soybean yields with a variety of climate
inputs over a 62-year period (1951–2012) in seasonal
analysis mode (Thorton and Hoogenboom 1994). Sea-
sonal analysis helps in comparing the crop perfor-
mance variability based on different management
practices and weather conditions over a range of
years.
CROPGRO-Soybean. CROPGRO-soybean uses
differential sensibility of growth stages to environ-
mental factors such as temperature, photoperiod,
along with water and nutrient stress to simulate soy-
bean phenology (Boote et al. 1998). CROPGRO calcu-
lates crop water demand at a daily time step by
combining a tipping bucket-type soil water movement
model with a root water uptake model (Ritchie et al.
1998). Factors like soil water availability, drained
upper limit and lower limit, and root density, control
the water uptake rate by roots (Mercau et al. 2007).
DSSAT Input Data. Long-term daily weather data
for a 62-year period (1951–2012) were compiled from the
Texas High Plains Evapotranspiration Network (Porter
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et al. 2012), and National Climate Data Center (NCDC
2012) data from around Bushland. The variables
include maximum and minimum air temperature, pre-
cipitation, and solar radiation. Soil Survey Geographic
database (NCSS 2013) was used to download the soil
profile for study area and was then converted to a
DSSAT soil profile using the methodology given in
Sharda et al. (2017). The soil parameters required by
the model are given in Table 1 and the profile of Pull-
man silty clay loam soil for the study area are presented
in Figure 2.
Cultivar Calibration — LAI, Biomass, and ET
Yield and phenology in CROPGRO-Soybean are
determined by 18 genetic coefficients, and the purpose
of calibration was to obtain reasonable estimates of
these coefficients by comparing simulated data with
observed data. The simulated occurrence dates of dif-
ferent phenological stages are important parameters
for planning farm management actions, while the
adjusted cultivar (CUL) coefficients (Table 2) are vital
in simulating the growth and development of soybean,
and to compare the observed and simulated yield
(Talacuece et al. 2016). ET is a very significant portion
of the water budget in semiarid environments. It is
an important component in estimation of resulting
irrigation demand for improved understanding of
impacts of irrigation practices on groundwater
resources (Marek et al. 2016). The model input data
were prepared as per DSSAT file formats to be
included in CROPGRO-Soybean model for calibration
(Hoogenboom et al. 2015). The model was calibrated
with soils, weather, and actual crop management data
from both NE and SE fields (Figure 1) using experi-
mental data and observed values of leaf area index
(LAI), biomass, and ET from the 2003 growing season.
The crop management data used were the actual dates
of planting, application of fertilizer (dates, amount,
and depth), irrigation, and harvest at both the field
locations.
FIGURE 1. The site of field experiment for soybean (thick boundary, NE and SE fields) at the United States Department of
Agriculture/Agricultural Research Service (USDA-ARS) Conservation and Production Research Laboratory (CPRL) near Bushland, Texas.
Figure adapted from Marek et al. (2016).
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The methods used to simulate various processes in
the model include the FAO 56 (Allen et al. 1998) and
the Suleiman–Ritchie (Suleiman and Ritchie 2003)
options for estimating reference ET and soil evapora-
tion, respectively, and the Soil Conservation Service
option for estimating infiltration. When calibrating
the model, the beginning soybean genetic coefficients
were selected from a default soybean maturity group
IV CUL (Bean et al. 2001) within the DSSAT data-
base. Generalized likelihood uncertainty estimation
(GLUE) (Beven and Binle 1992) was used to modify
the genetic coefficients to reduce the difference
between simulated and observed parameters being
adjusted. The sensitive model parameters were fur-
ther manually adjusted to compare simulated and
observed values of LAI, biomass, and ET until these
closely matched each other while simultaneously
evaluating the model performance statistics. Accord-
ing to DSSAT calibration guidelines, first the sensi-
tive parameters affecting crop growth were adjusted
with reasonable values until a satisfactory match
between simulated and observed LAI was achieved.
Thereafter, the parameters affecting biomass and ET
were adjusted until the predicted and observed
results matched well (Table 2).
Initially, with default maturity group IV soybean
CUL, the DSSAT underpredicted LAI across all
growth stages for both years at both the sites. To
reduce the error between observed and simulated val-
ues, model parameters related to soil conditions
(SLPF, soil fertility factor) were adjusted for both the
sites and years of the study. After using GLUE to get
an initial set of CUL coefficients, parameters such as
LFMAX (maximum leaf photosynthesis rate at 30°C,
350 vpm CO2, and high light (mg CO
2/m2-s)), SLAVR
(specific leaf area of CUL under standard growth con-
ditions (cm2/g)), SIZLF (maximum size of full leaf
(three leaflets; cm2)), and FL-SH (time between first
flower and first pod (R3) (photothermal days)) were
adjusted to obtain satisfactory simulations of LAI,
ET, and biomass.
Statistical parameters, including the coefficient of
determination (R2) (Legates and McCabe 1999), root-
mean-square error (RMSE), and coefficient of agree-
ment (d) (Wilmott 1981) were used to check the good-
ness of fit. The target variables for model validation
were grain yield, end of the growing season biomass,
LAI, and ET for year 2004. The aim of calibration
TABLE 1. Soil properties available from NCSS (2013) database
required for Decision Support System for Agrotechnology Transfer
(DSSAT) (adapted from Wu et al. 2010).
DSSAT soil
variable Definition Units
SITE Site name —
COUNTRY Country name —
LAT Latitude Degrees
LONG Longitude Degrees
SLSOURCE Soils data source —
SLTX Soil texture —
SLDESCRIP Soil description —
SCSFAM Soil family —
SLDP Soil depth cm
SLDR Soil drainage rate Fraction
per day
SLRO Runoff curve number —
SLPF Soil fertility factor 0–1
SLB Depth until base of layer cm
SLCL Clay %
SLSI Silt %
SLOC Soil organic carbon concentration %
SLHW pH in water —
SCEC Soil cation exchange capacity cmol(+) per kg
FIGURE 2. DSSAT soil profile for Pullman silty clay loam at site of field experiment for soybean at the USDA-ARS
CPRL near Bushland, Texas.
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procedure was to achieve a resultant CUL so that the
coefficient of determination (R2) was high (>0.70),
RMSE was low, and the coefficient of agreement (d)
was high (>0.80). The calibrated values for soybean
CUL Pioneer 94B73RR were copied into DSSAT CUL
file to further simulate soybean and evaluate the
results.
Irrigation Management Strategies
After the model was satisfactorily evaluated using
field experiment data, it was used to simulate soy-
bean yields and study the impact of different irriga-
tion management strategies using long-term historic
climatic data (1951–2012). The seasonal analysis pro-
gram (Tsuji et al. 1998) was used to run the simula-
tion for comparing variability associated with crop
performance based on management options over a
number of years.
DSSAT uses water thresholds called irrigation
threshold (ITHR) to define different levels of plant
extractable water for crop growth. This available
water is the difference between field capacity and
permanent wilting point. Plant extractable soil water
for a specific irrigation depth defined by the user is
checked by the model at a daily time step based on
comprehensive calculations of the soil water balance.
Irrigation periods in DSSAT can be activated or deac-
tivated using ITHR values while setting up the simu-
lation control module.
Seven irrigation treatments were set up for seasonal
analysis in the DSSAT model. To study the effect of
irrigation amounts and timing on yield and water pro-
ductivity, ITHR was set to rainfed, 20%, 35%, 50%,
65%, and 80% levels. For all management strategies, a
fixed amount of 25 mm was applied whenever irriga-
tion was necessary based on the ITHR settings. The
application of a fixed amount matched the widely used
center pivot or linear irrigation systems in the THP.
Irrigation efficiency was set at 80%, assuming an effi-
cient irrigation system. To investigate the effect of dif-
ferent irrigation treatments on crop yield, biomass,
and ET, each of the irrigation scenarios was used to
TABLE 2. CROPGRO-Soybean genetic coefficients calibrated for cultivar (CUL) Pioneer 94B73RR.
CUL
coefficient Description Initial value Calibrated value
CSDL Critical Short-Day Length below which reproductive development
progresses with no day length effect (for short-day plants) (hour)
13.09 13.06
PPSEN Slope of the relative response of development to photoperiod
with time (positive for short-day plants) (1/hour)
0.294 0.291
EM-FL Time between plant emergence and flower
appearance (R1) (photothermal days)
19.4 17.93
FL-SH Time between first flower and first
pod (R3) (photothermal days)
7.0 7.3
FL-SD Time between first flower and first
seed (R5) (photothermal days)
15.0 12.50
SD-PM Time between first seed (R5) and physiological
maturity (R7) (photothermal days)
34.00 35.75
FL-LF Time between first flower (R1) and end of
leaf expansion (photothermal days)
26.00 30.00
LFMAX Maximum leaf photosynthesis rate at 30°C, 350 vpm CO2,
and high light (mg CO2/m
2-s)
1.030 1.197
SLAVR Specific leaf area of CUL under
standard growth conditions (cm2/g)
375.0 250.0
SIZLF Maximum size of full leaf (three leaflets) (cm2) 180.0 152.6
XFRT Maximum fraction of daily growth that
is partitioned to seed + shell
1.00 1.00
WTPSD Maximum weight per seed (g) 0.19 0.17
SFDUR Seed filling duration for pod cohort at standard
growth conditions (photothermal days)
23.0 17.26
SDPDV Average seed per pod under standard
growing conditions (#/pod)
2.20 1.799
PODUR Time required for CUL to reach final pod load
under optimal conditions (photothermal days)
10.0 10.0
THRSH Threshing percentage. The maximum ratio of
(seed/(seed + shell)) at maturity. Causes seeds to stop growing as
their dry weight increases until shells are filled in a cohort.
77.0 77.0
SDPRO Fraction protein in seeds (g(protein)/g(seed)) 0.405 0.405
SDLIP Fraction oil in seeds (g(oil)/g(seed)) 0.205 0.205
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calculate CWP (Zwart and Bastiaansen 2004) using
Equations (1 and 2)
CWPy ¼ Y
ET
ð1Þ
CWPb ¼ B
ET
; ð2Þ
where Y is crop yield (kg/ha), ET is evapotranspira-
tion (mm), and B is biomass (kg/ha). Both yield and
biomass are end of the season values on dry matter
basis. Another parameter evaluated was IWUE (kg/
m3) which was calculated (Howell 2001) using the fol-
lowing Equation (3):
IWUE ¼ Yi  Y0
W
; ð3Þ
where Yi represents the irrigated yield (kg/ha), Y0 is
the nonirrigated yield (kg/ha), and W (mm) is the
amount of water used for irrigation during the season
in the irrigated treatment.
RESULTS AND DISCUSSION
CUL Calibration — LAI, Biomass, and ET
The final values of calibrated CUL coefficients are
given in Table 2. The close agreement between the
observed and simulated values for days of emergence,
anthesis, appearance of first pod, and maturity dates
(Table 3) indicated that phenological CUL coefficients
were calibrated well. The deviation between observed
and simulated phenological phases varied between
2.0% and 14.0% (Table 3). In general, it was
observed that the soybean CUL grown was satisfacto-
rily represented by the genetic coefficients presented
in Table 2.
The CROPGRO-Soybean model was evaluated by
comparing observed and simulated data of temporal
changes in LAI, biomass, and ET. The temporal
changes in LAI for year 2003 in both the experimen-
tal sites are presented in Figure 3a. It was found that
the simulated LAI values closely agreed with the
observed data during most of the vegetative and
reproductive soybean growth cycle. Upon careful
examination of Figure 3a, it can be seen that during
the early exponential rise phase of LAI development,
the model overpredicted LAI, and under predicted
the maximum LAI. This may be partly due to earlier
simulation of maximum LAI than the observed date.
The plausible explanation to this lies in the phe-
nomenon of progressive senescence of green leaves in
a soybean plant which can cause reduction in LAI. It
was observed that the field data on rate of leaf area
expansion was high in the mid-vegetative stage, and
the simulated maximum LAI was lower than the
observed (Figure 3b). These results are in close agree-
ment with several studies that have used CROPGRO-
Soybean to simulate soybean growth in other parts of
the country (Boote et al. 1997; Alagarswamy et al.
2000; Nielsen et al. 2002; Wang et al. 2003).
Similar results were obtained for biomass simula-
tions as well (Figures 4a,4b) with biomass predictions
being very close to the observed values during the
reproductive growth stage of soybean plants. It is not
surprising as biomass is calculated using the simu-
lated LAI. CROPGRO-Soybean simulated time series
TABLE 3. A comparison of observed and simulated values and percentage difference in the phenological development stages of soybean at
two experimental sites (NE and SE) for calibration and validation.
Phenological stage
NE (calibration) NE (validation)
Measured Simulated %Deviation Measured Simulated %Deviation
Emergence day (dap) 9 8 11 7 6 14
Anthesis day (dap) 50 50 0 48 49 2
First pod (dap) 65 66 1 70 65 7
Physiological maturity day (dap) 122 121 1 118 119 1
SE (calibration) SE (validation)
Measured Simulated %Deviation Measured Simulated %Deviation
Emergence day (dap) 9 8 11 7 6 14
Anthesis day (dap) 50 50 0 48 49 2
First pod (dap) 65 66 1 70 65 7
Physiological maturity day (dap) 122 120 2 118 120 2
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of biomass accumulation fairly well for both the experi-
ment sites during calibration and validation periods.
It has been reported (Kisekka et al. 2016) that
DSSAT is unable to relate soil water stress factors to
phenological development in water stress environ-
ment. Since water stress factors are related to bio-
mass accumulation, this could have resulted in
overestimation of biomass during certain stages of
growth. Model evaluation response for soybean at a
temporal scale for both LAI and biomass during cali-
bration and validation period showed that the model
performed well statistically during growing seasons
for the CUL used at both the experimental sites at
CPRL (Table 4). The goodness-of-fit statistics calcu-
lated for model validation (2004) showed that the
model was able to simulate the parameters ade-
quately with high index of agreement (>0.84) and R2
values (0.73–0.90) (Table 4).
The ET of soybean was simulated with a RMSE of
0.8 and index of agreement of 0.94 for calibration per-
iod (Table 4). Similar results were also observed for
the validation period (Table 4). Upon careful study of
Figure 5b, it can be seen that there was a period of
overestimation of ET later in the growing season.
Marek et al. (2016) found comparable results for ET
estimation in the THP along with studies conducted
in other parts of the world (Nielsen et al. 2002;
Dogan et al. 2007a, b) reporting similar findings.
Despite the overestimation of ET during later part of
the soybean growing season, based on the statistical
parameters, it can be said that the ET of the experi-
mental CUL was satisfactorily simulated.
Overall, the statistical evaluation showed that the
model simulated the LAI, biomass, and ET of soybean
very well and can be used to assess the impact of irri-
gation treatments on crop productivity of soybean to
determine best limited irrigation scenarios for THP
using long-term historical weather data (1951–2012).
Irrigation Management Strategies
Average of all the ITHRs simulated over the years
exhibited that higher irrigation amounts increased
soybean yield in the THP (Figure 6) with the average
yields varying between 2,200 and 5,400 kg/ha. These
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FIGURE 3. Comparison of simulated and observed leaf area index (LAI) of soybean during model calibration at the NE and SE fields at
CPRL, Bushland, Texas. (a) LAI over the growing season and (b) observed vs. simulated LAI.
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results are in agreement with another soybean study
conducted in the High Plains Region that found that
irrigated soybean increased by 38 kg/ha as compared
to 24 kg/ha for dryland soybean over 25 years (Ciam-
pitti et al. 2018). However, it was also concluded in
the same study that the maximum soybean yield
occurred using a 50% ITHR criterion, which used less
water than other higher application treatments. Nev-
ertheless, the challenge is to find an optimum ITHR
scenario that can produce significantly higher yield
as compared to rainfed conditions, while sustaining
the available groundwater resources.
It was observed that there was a strong relation
between yield and total amount of water (rain-
fall + irrigation) received for all the irrigation treat-
ments with some inherent variability, with the
rainfed treatment being the most variable (Figure 7).
The results indicate that increase in supplemental
irrigation increased the yield and these results
agreed with previous soybean irrigation studies
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FIGURE 4. Comparison of simulated and observed LAI of soybean during model calibration at the NE and SE fields at CPRL, Bushland,
Texas. (a) Biomass over the growing season and (b) observed vs. simulated biomass.
TABLE 4. Goodness-of-fit statistics for observed and simulated growth parameters and evapotranspiration (ET) during calibration and vali-
dation for soybean at CPRL, Bushland, Texas.
Parameter
Calibration Validation
R2 RMSE d R2 RMSE d
LAI 0.77 0.85 0.86 0.90 0.50 0.95
Biomass 0.97 1,135.5 0.98 0.81 2,439.7 0.84
ET 0.81 0.68 0.94 0.80 0.73 0.94
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conducted around the U.S. (Sweeney et al. 2003; Gar-
cia y Garcia et al. 2010).
Mean soybean yield averaged over the 62 growing
seasons for different ITHRs (Table 5) indicates that
there was a significant difference (p < 0.05) between
yields in ITHRs of 20%, 35%, 50%, 65%, and 80%,
and the rainfed treatment. As expected, the yield
increased as more water was available during the
growing season. These results differ from some stud-
ies conducted in other parts of the country (Guzman
et al. 2018) that found little or no change in yield
(33.6 kg/ha) with increased application of irrigation
but are similar to the findings of Garcia y Garcia
et al. (2010) who found that the yield increased at a
rate of 7.2 kg/mm of water applied. It is important to
note that over the length of the study period and the
irrigation treatments, total rainfall, total number of
irrigation applications, and amount of irrigations var-
ied due to difference of the vegetative and reproduc-
tive growth stages of the crop. On an average, the
20% ITHR received six irrigation applications for a
total of 150 mm, ITHR 35% received nine irrigation
applications while ITHR 50% and 65% received 11
and 12 irrigations, respectively, while ITHR 80% irri-
gation treatment received 14 irrigation applications
for a total of 350 mm. It has been reported (Garside
et al. 1992) that for every mm of accumulation of pan
evaporation between irrigation applications, 6–8 kg/ha
of soybean seed yield is lost. Garside et al. (1992) also
reported that for soybean, more frequent irrigation
enhances the growth rates of all plant components in
a semiarid environment of Australia.
Similar results were obtained for biomass, whose
values tended to increase with irrigation, with mean
simulated biomass of 4,457 kg/ha for rainfed treat-
ment and 9,864 kg/ha for the irrigation treatment
where ITHR was set to 80% (Figure 7). These results
were in agreement with Mercau et al. (2007); Dogan
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et al. (2007a, b); Rogers (2015); and Ciampitti et al.
(2018) and showed that soybean biomass responds
well to irrigation.
Though above results establish that soybean
responds well to irrigation applications, numerous
research studies across the High Plains have con-
firmed that there is a beneficial timing and allowable
soil water depletion level for irrigation applications to
conserve water without compromising on yield.
Extension agents at Kansas State University (Rogers
2015), after several multiyear experiments on irri-
gated soybeans, have concluded that using a criteria
of 50%–60% depletion allows for maximum water use
efficiency. Based on simulations using CROPGRO-
Soybean, it was found that ITHR of 65% applied only
one more irrigation as compared to ITHR 50% and
had an average yield benefit of 173 kg/ha. Over the
course of the simulation period, average 55 mm in
irrigation amounts resulted in only 315 kg/ha simu-
lated yield reduction. Therefore, to achieve a 7%
increase in soybean yield, about 20% of additional
irrigation water was needed. These trends are similar
to those found by Bronson et al. (2001) for cotton in
the THP.
The highest CWPy and CPWb were obtained for
65% ITHR treatment and there were differences in
biomass and yield water productivities among differ-
ent levels of irrigation (Table 6). The results of ITHR
65% and 50% for both yield and biomass productivity
were not substantially different. These results
showed that either 65% ITHR or 50% ITHR irrigation
treatment were more productive than higher irriga-
tion level treatments (ITHR 80%). These trends in
the water productivity were similar to those reported
in Adeboye et al. (2015) and Irmak et al. (2014) who
found that water productivity may be increased by
skipping irrigation during certain growth stages of
soybeans.
IWUE ranged between 8 and 10.5 kg/m3 (Figure 8)
with IWUE for 50% and 65% ITHR being 9.6 and
9 kg/m3, respectively. The simulated IWUE decreased
with increased irrigation amounts, a trend that has
been observed in other field and modeling studies
(Sincik et al. 2008; Modala et al. 2015; Lopez et al.
2017). The ITHR 80% irrigation treatment had lowest
irrigation water use efficiency with the possible
explanation that the soil water levels were high,
which did not allow to capture and store rainfall dur-
ing the growing season.
These results enforce the argument that irrigation
applications scheduled based on soil water depletion
may be the best management practice for improving
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TABLE 5. Mean soybean yields for different ITHR treatments
averaged over 62 years (1951–2012) of historic weather data at
CPRL, Bushland, Texas.
ITHR treatment Mean yield (kg/ha) SD (kg/ha)
RF 2,261 785.36
20% 3,797 463.85
35% 4,496 595.96
50% 4,773 636.43
65% 4,946 668.93
80% 5,057 629.44
TABLE 6. Mean crop water productivity (CWP) for soybean yields
(y) and biomass (b) for different ITHR treatments averaged over
62 years (1951–2012) of historic weather data at CPRL,
Bushland, Texas.
ITHR treatment CWPy (kg/m
3) CPWb (kg/m
3)
RF 4.62 9.10
20% 6.66 11.89
35% 7.41 13.51
50% 7.64 14.38
65% 7.75 14.88
80% 7.59 14.80
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the utilization of groundwater resources in the THP.
Irrigation scheduling in this form can be accom-
plished using either soil water measurement devices
or ET-based irrigation scheduling. It is important to
note that the utilization of deficit irrigation strategies
to maximize CWP could, however, be impacted by
several crop management factors like weather
(amount of precipitation received), CUL characteris-
tics, planting date, soil type, and antecedent soil
moisture condition.
SUMMARY AND CONCLUSIONS
As producer interest in soybean production broad-
ens in the THP, and supplies of irrigation water
dwindle due to hydrological or other constraints,
producers and water managers in the region face
production and economic risks. This uncertainty and
risk can be mitigated with the use of improved
management tools. This study used DSSAT-CROP-
GRO-Soybean v 4.6 crop simulation model to study
irrigation strategies for effectively managing the
applications in a way to conserve water while not
compromising on the seed yield of soybeans and aid-
ing in the sustainability of diminishing groundwater
resources in the semiarid THP. The model was cali-
brated and validated using experimental data from
the USDA-ARS CPRL near Bushland, Texas and
then applied to simulate biomass production and
yield, and to calculate water productivity and IWUE
to determine irrigation management strategies
based on long-term historic weather data (1951–
2012).
The study demonstrated the implementation of
conservative irrigation management by selecting an
ITHR that can provide reasonable yields as com-
pared to higher ITHRs. It was found that a lower
total amount of irrigation can be applied without
compromising soybean yields. The ITHRs between
50% and 65% present a reasonable alternative as
compared to initiating irrigation at a higher soil
water content (i.e., lower depletion). This strategy
could potentially lower the total volume of ground-
water withdrawn and provide a decision-making
tool to weigh alternatives for irrigation management
and groundwater withdrawal and could be useful
for other semiarid regions where water for irriga-
tion is limited. Water is, and will remain a major
factor limiting soybean production. Under limited
water resources, efficient use of water could be
achieved through the use of new irrigation strate-
gies (Rosadi et al. 2005) such as those investigated
in this study.
As it is in most modeling studies, this investigation
is based on assumptions of optimum environmental
conditions, i.e., no effects of pest, disease, and weeds
on the crop simulated, which may set apart the simu-
lation results obtained from true field situations.
However, this is a compromise that the scientific com-
munity is willing to make based on the benefits of
studies like this and the foresight these tools provide
to face the challenges that the crop production com-
munity faces today due to erratic climate patterns
and dwindling natural resources.
ACKNOWLEDGMENTS
The development of this publication was supported by the
National Institute of Food and Agriculture (NIFA), U.S. Depart-
ment of Agriculture, award number 2016-68007-25066, “Sustaining
agriculture through adaptive management to preserve the Ogallala
aquifer under a changing climate.” Statements from the authors do
not represent official positions of USDA-NIFA.
LITERATURE CITED
Adeboye, O.B., B. Schultz, K.O. Adekalu, and K. Prasad. 2015.
“Crop Water Productivity and Economic Evaluation of Drip-Irri-
gated Soybeans (Glycine max L. Merr.).” Agriculture & Food
Security, 4–10. https://doi.org/10.1186/s40066-015-0030-8.
Alagarswamy, G., P. Singh, G. Hoogenboom, S.P. Wani, P. Pathak,
and S.M. Virmani. 2000. “Evaluation and Application of the
CRPGRO-Soybean Simulation Model in Vertic Inceptisol.” Agri-
cultural Systems 63: 19–32.
Allen, R.G., L.S. Pereira, D. Raes, and M. Smith. 1998. “Crop
Evapotranspiration — Guidelines for Computing Crop Water
Requirements — FAO Irrigation and Drainage Paper 56.” Rome:
FAO-Food and Agriculture Organization of the United Nations.
Araya, A., I. Kisekka, P.H. Gowda, and P.V. Vara Prasad. 2017.
“Evaluation of Water-Limited Cropping Systems in a Semi-Arid
Climate Using DSSAT-CSM.” Agricultural Systems 150: 86–98.
https://doi.org/10.1016/j.agsy.2016.10.007.
Bao, Y., G. Hoogenboom, R. McClendon, and P. Urich. 2015. “Soy-
bean Production in 2025 and 2050 in the Southeastern USA
Based on the SimCLIM and the CSM-CROPGRO_Soybean Mod-
els.” Climate Research 63: 73–89. https://doi.org/10.3354/cr01281.
Battisti, R., P.C. Sentelhas, K.J. Boote, G.M.D.S. Camara, J.R.B.
Farias, and C.J. Basso. 2017. “Assessment of Soybean Yield
with Altered Water-Related Genetic Improvement Traits under
Climate Change in Southern Brazil.” European Journal of
Agronomy 83: 1–14. https://doi.org/10.1016/j.eja.2016.11.004.
Bean, B., and T. Miller. 1998. Quick Guide for Soybean Production
in the Texas Panhandle and South Plains. College Station:
Texas Agriculture Extension Service SCS-1998-22.
Bean, B., M. Rowland, J. Simmons, R. Cassens, E. Cox, T. Moore,
and C. Schwertner. 2001. Effect of Planting Date and Maturity
Group on Soybean Yield in the Texas High Plains. College Sta-
tion: Texas A&M University System.
Beven, K.J., and A.M. Binle. 1992. “The Future of Distributed Mod-
els: Model Calibration and Uncertainty Prediction.” Hydrologi-
cal Processes 6 (3): 279–98.
Boote, K.J., J.W. Jones, and G. Hoogenboom. 1998. “Simulation of
Crop Growth. CROPGRO-Soybean Model.” In Agricultural
SIMULATING THE IMPACTS OF IRRIGATION LEVELS ON SOYBEAN PRODUCTION IN TEXAS HIGH PLAINS TO MANAGE DIMINISHING GROUNDWATER LEVELS
JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION JAWRA67
Systems Modeling and Simulation, edited by R.M. Peart and
R.B. Curry, 1–42. New York: Marcel Dekker.
Boote, K.J., J.W. Jones, G. Hoogenboom, and G. Wilkerson. 1997.
“Evaluation of the CROPGRO-Soybean Model over a Wide
Range of Experiments.” In Applications of Systems Approaches
at the Field Level (Volume 2). Proceedings of Second Interna-
tional Symposium on Systems Approaches for Agricultural
Development. IRRI, Los Banos, Phillipines, edited by M.J.
Kropff, P.S. Teng, P.K. Aggarwal, J. Bouma, B.A. Bouman, J.W.
Jones, and H.H. Laar, 113–33. Dordrecht: Kluwer Academic
Publishers.
Bronson, K., A. Onken, J. Keeling, J. Booker, and H. Torbert. 2001.
“Nitrogen Response in Cotton as Affected by Tillage System and
Irrigation Level.” Soil Science Society of America Journal 65 (4):
1153–63.
Burke, J.J., and M.H. Moench 2000. Groundwater and Society:
Resources, Tensions and Opportunities. Themes in Groundwater
Management for the Twenty-First Century. New York: Depart-
ment of International Economic and Social Affairs, Statistical
Office, United Nations.
Ciampitti, I.A., D.R. Diaz, D.J. Jardine, D.E. Peterson, R.J. Whit-
worth, D.H. Rogers, and D.E. Shoup. 2018. Kansas Soybean
Management. Manhattan: K-State Research and Extension.
Dietzel, R., M. Liebman, R. Ewing, M. Helmers, R. Horton, M. Jar-
chow, and S. Archontoulis. 2016. “How Efficiently Do Corn- and
Soybean-Based Cropping Systems Use Water? A Systems
Modeling Analysis.” Global Change Biology 22: 666–81. https://
doi.org/10.1111/gcb.13101.
Dogan, E., H. Kirnak, and O. Copur. 2007a. “Deficit Irrigations
during Soybean Reproductive Stages and CROPGRO-Soybean
Simulations under Semi-Arid Climatic Conditions.” Field
Crops Research 103: 154–59. https://doi.org/10.1016/j.fcr.2007.
05.009.
Dogan, E., H. Kirnak, and O. Copur. 2007b. “Effect of Seasonal
Water Stress on Soybean and Site Specific Evaluation of CROP-
GRO-Soybean Module under Semi-Arid Climatic Conditions.”
Agricultural Water Management 90: 56–62. https://doi.org/10.
1016/j.agwat.2007.02.003.
Garcia y Garcia, A., T. Persson, L.C. Guerra, and G. Hoogenboom.
2010. “Response of Soybean Genotypes to Different Irrigation
Regimes in a Humid Region of the Southeastern USA.” Agricul-
tural Water Management 97: 981–87. https://doi.org/10.1016/j.a
gwat.2010.01.030.
Garside, A.L., R.J. Lawn, and D.E. Byth. 1992. “Irrigation Manage-
ment of Soybean (Glycine max (L.) Merrill) in a Semi-Arid Trop-
ical Environment. I. Effect of Irrigation Frequency on Growth,
Development and Yield.” Australian Journal of Agricultural
Research, 43(5): 1003–17.
Guzman, S.M., J.O. Paz, M.L. Tagert, A.E. Mercer, and J.W. Pote.
2018. “An Integrated SVR and CropModel to Estimate the Impacts
of Irrigation on Daily Groundwater Levels.” Agricultural Systems
159: 248–59. https://doi.org/10.1016/j.agsy.2017.01.017.
Hanjra, M.A., and M.E. Qureshi. 2010. “Global Water Crisis and
Future Food Security in an Era of Climate Change.” Food Policy
35 (5): 365–77. https://doi.org/10.1016/j.foodpol.2010.05.006.
Hodges, H.F., and L.G. Heatherly. 1983. “Principles of Water Man-
agement for Soybean Production in Mississippi.” Mississippi
Agricultural Forestry Experiment Station. Bulletin No. 919.
Hoogenboom, G., J.W. Jones, P.W. Wilkens, C.H. Porter, K.J.
Boote, L.A. Hunt, and U. Singh et al. (2015). “Decision Support
System for Agrotechnology Transfer (DSSAT) Version 4.6.” Pros-
ser, WA. http://dssat.net.
Howell, T.A. 2001. “Enhancing Water Use Efficiency in Irrigated
Agriculture.” Agronomy Journal 93: 281–89.
Irmak, S., J.E. Secht, L.O. Odhiambo, J.M. Rees, and K.G. Cass-
man. 2014. “Soybean Yield, Evapotranspiration, Water Produc-
tivity, and Soil Water Extraction Response to Subsurface Drip
Irrigation and Fertigation.” Transactions of the American Soci-
ety of Agricultural and Biological Engineers 57 (3): 729–48.
https://doi.org/10.13031/trans.57.10085.
Kisekka, I., J.P. Aguilar, D.H. Rogers, J. Holman, D.M. O’Brein,
and N. Klocke. 2016. “Assessing Deficit Irrigation Strategies for
Corn Using Simulation.” Transactions of the American Society
of Agricultural and Biological Engineers 59 (1): 303–17.
https://doi.org/10.13031/trans.59.11206.
Klocke, N.L., R.S. Currie, D.J. Tomsicek, and J.W. Koehn. 2012.
“Grain Sorghum Yield Response to Deficit Irrigation.” Transac-
tions of the American Society of Agricultural and Biological
Engineers 55 (3): 947–55.
Lamm, F.R., D.H. Rogers, J. Aguilar, and I. Kisekka. 2014. “Deficit
Irrigation of Grain and Oilseed Crops.” Proceedings of 2014
Irrigation Association Technical Conference. Phoenix, Arizona,
November 19–20, Available from the Irrigation Association,
Falls Church, Virginia.
Lamm, F.R., l.R. Stone, and D.M. O’Brein. 2007. “Crop Produc-
tion and Economics in Northwest Kansas as Related to Irriga-
tion Capacity.” Applied Engineering in Agriculture 23 (6):
379–85.
Legates, D.R., and G.J. McCabe. 1999. “Evaluating the Use of
“Goodness-of-Fit” Measures in Hydrologic and Hydroclimatic
Model Validation.” Water Resources Research 35 (1): 233–41.
Lobell, D.B., and C.B. Field. 2007. “Global Scale Climate — Crop
Yield Relationships and the Impacts of Recent Warming.” Envi-
ronmental Research Letters 2 (1): 1–7. https://doi.org/10.1088/
1748-9326/2/1/014002.
Lopez, J.R., J.M. Winter, J. Elliott, A.C. Ruane, C. Porter, and G.
Hoogenboom. 2017. “Integrating Growth Stage Deficit Irrigation
into a Process Based Crop Model.” Agricultural and Forest Meteo-
rology 243: 84–92. https://doi.org/10.1016/j.agrformet.2017.05.001.
Marek, G.W., P.H. Gowda, S.R. Evett, R.L. Baumhardt, D.K.
Brauer, T.A. Howell, T.H. Marek, and R. Srinivasan. 2016.
“Estimating Evapotranspiration for Dryland Cropping Systems
in the Semiarid Texas High Plains Using SWAT.” Journal of
the American Water Resources Association 52 (2): 298–314.
https://doi.org/10.1111/1752-1688.12383.
Marek, G.W., T.H. Marek, Q. Xue, P.H. Gowda, S.R. Evett, and
D.K. Brauer. 2017. “Simulating Evapotranspiration and Yield
Response of Selected Corn Varieties under Full and Limited
Irrigation in the Texas High Plains Using DSSAT-CERES-
Maize.” Transactions of the American Society of Agricultural
and Biological Engineers 60 (3): 837–46. https://doi.org/10.
13031/trans.12048.
McNider, R.T., C. Handyside, K. Doty, W.L. Ellenburg, J.F.
Cruise, J.R. Christy, and P. Caldwell. 2015. “An Integrated
Crop and Hydrologic Modeling System to Estimate Hydrologic
Impacts of Crop Irrigation Demands.” Environmental Model-
ling & Software 72: 341–55. https://doi.org/10.1016/j.envsoft.
2014.10.009.
Mercau, J.L., J.L. Dardanelli, D.J. Collino, J.M. Andriani, A. Iri-
goyen, and E.H. Satorre. 2007. “Predicting On-Farm Soybean
Yields in the Pampas Using CROPGRO-Soybean.” Field Crops
Research 100: 200–09. https://doi.org/10.1016/j.fcr.2006.07.006.
Modala, N.R., S.R. Ale, C.L. Munster, P.B. DeLaune, K.R. Thorp,
S.S. Nair, and E.M. Barnes. 2015. “Evaluation of the CSM-
CROPGRO-Cotton Model for the Texas Rolling Plains Region
and Simulation of Deficit Irrigation Strategies for Increasing
Water Use Efficiency.” Transactions of the American Society of
Agricultural and Biological Engineers 58 (3): 685–96. https://doi.
org/10.13031/trans.58.10833.
NCDC. 2012. National Climate Data Center. Asheville, NC:
National Oceanic and Atmospheric Administration. http://www.
ncdc.noaa.gov/oa/ncdc.html.
NCSS. 2013. “NCSS Soil Characteristics Database.” ncss.usda.gov:
http://ncsslabdatamart.tx.egov.usda.gov.
SHARDA, GOWDA, MAREK, KISEKKA, RAY, AND ADHIKARI
JAWRA JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION68
Nielsen, D.C., L. Ma, L.R. Ahuja, and G. Hoogenboom. 2002. “Sim-
ulating Soybean Water Stress Effects with RZWQM and CROP-
GRO Models.” Agronomy Journal, 94: 1234–43.
Paz, J.O., W.D. Batchelor, T.S. Colvin, S.D. Logsdon, T.C. Kas-
par, and D.L. Karlen. 1998. “Analysis of Water Stress Effects
Causing Spatial Yield Variability in Soybeans.” Transactions
of the American Society of Agricultural Engineers 41 (5):
1527–34.
Porter, D., P.H. Gowda, T.H. Marek, J.E. Moorhead, and S. Irmak.
2012. “Sensitivity of Grass- and Alfalfa-Reference Evapotranspi-
ration to Weather Station Sensor Accuracy.” Transactions of the
American Society of Agricultural and Biological Engineers 28
(4): 543–49.
Ritchie, J.T., U. Singh, D.C. Godwin, and W.T. Bowen. 1998. “Cer-
eal Growth, Development, and Yield.” In Understanding
Options for Agricultural Production (Volume 7), edited by G.Y.
Tsuji, G. Hoogenboom, and P.K. Thorton, pp. 79–98. Dordrecht,
The Netherlands: Springer.
Rogers, D. 2015. Soybean Production Handbook. Manhattan: K-
State Research and Extension.
Rosadi, R.A., M.S. Afandi, M. Senge, K. Ito, and J.T. Adomako.
2005. “Critical Water Content and Water Stress Coefficient of
Soybean (Glycine max [L.] Merr.) under Deficit Irrigation.”
Paddy and Water Environment 3: 219–23.
Ruud, N., T. Harter, and A. Naugle. 2004. “Estimation of Ground-
water Pumping as Closure to the Water Balance of Semiarid,
Irrigated Agricultural Basin.” Journal of Hydrology 297 (1–4):
51–73.
Salmeron, M., and L.C. Purcell. 2016. “Simplifying the Prediction
of Phenology with the DSSAT-CROPGRO-Soybean Model Based
on Relative Maturity Group and Determinacy.” Agricultural
Systems 148: 178–87. https://doi.org/10.1016/j.agsy.2016.07.016.
Salmeron, M., L.C. Purcell, E.D. Vories, and G. Shannon. 2017.
“Simulation of Genotype-by-Environment Interactions on Irri-
gates Soybean Yields in the U.S. Midsouth.” Agricultural Sys-
tems 150: 120–29. https://doi.org/10.1016/j.agsy.2016.10.008.
Scanlon, B.R., C.C. Faunt, L. Longuevergne, R.C. Reedy, W.M.
Alley, V.L. McGuire, and P.B. McMahon. 2012. “Groundwater
Depletion and Sustainability of Irrigation in the US High Plains
and Central Valley.” Proceedings of the National Academy of
Sciences of the United States of America 109 (24): 9320–25.
https://doi.org/10.1073/pnas.1200311109.
Schneekloth, J.P., N.L. Klocke, G.W. Hergert, D.L. Martin, and
R.T. Clark. 1991. “Crop Rotations with Full and Limited Irriga-
tion and Dryland Management.” Transactions of the American
Society of Agricultural Engineers 34 (6): 2372–80.
Setiyono, T.D., A. Weiss, J. Specht, A.M. Bastidas, K.G. Cassman,
and A. Dobermann. 2007. “Understanding and Modeling the
Effect of Temperature and Daylength on Soybean Phenology
under High-Yield Conditions.” Field Crops Research 100: 257–
71. https://doi.org/10.1016/j.fcr.2006.07.011.
Sharda, V., C. Handyside, B. Chaves, R.T. McNider, and G.
Hoogenboom. 2017. “The Impact of Spatial Soil Variability on
Simulation of Regional Maize Yield.” Transactions of the Ameri-
can Society of Agricultural and Biological Engineers 60 (6):
2137–48. https://doi.org/10.13031/trans.12374.
Sincik, M., B.N. Candogan, C. Demitras, H. Buyukcangaz, S. Yaz-
gan, and A.T. Goksoy. 2008. “Deficit Irrigation of Soya Bean
(Glycine max (L.) Merr.) in a Sub-Humid Climate.” Journal of
Agronomy and Crop Science 194: 200–05. https://doi.org/10.1111/
j.1439-037x.2008.00307.x.
Spetch, J.E., R.W. Elmore, D.E. Enseinhauer, and N.W. Klocke.
1989. “Growth Stage Scheduling Criteria for Sprinkler-Irrigated
Soybeans.” Irrigation Science 10: 99–111.
Suleiman, A.A., and J.T. Ritchie. 2003. “Modeling Soil Water Redis-
tribution during Second-Stage Evaporation.” Soil Science Society
of America Journal 67 (2): 377–86.
Sweeney, D.W., J.H. Long, and M.B. Kirkham. 2003. “A Single Irri-
gation to Improve Early Maturing Soybean Yield and Quality.”
Soil Science Society of America Journal 67: 235–40.
Talacuece, M.A., F.B. Justino, R.D. Rodrigues, M.E. Flores, J.G.
Nascimento, and E.A. Santos. 2016. “Modeling of Soybean under
Present and Future Climates in Mozambique.” Climate 4 (31):
1–14. https://doi.org/10.3390/cli4020031.
Thorp, K.R., K.C. DeJonge, A.L. Kaleita, W.D. Batchelor, and J.O.
Paz. 2008. “Methodology for the Use of DSSAT Models for Preci-
sion Agriculture Decision Support.” Computers and Electronics
in Agriculture 64 (2): 276–85. https://doi.org/10.1016/j.compag.
2008.05.022.
Thorton, P.K., and G. Hoogenboom. 1994. “A Computer Program to
Analyze Single-Season Crop Model Outputs.” Agronomy Journal
86 (5): 860–68.
Tilman, D. 1999. “Global Environmental Impacts of Agricultural
Expansion: The Need for Sustainable and Efficient Practices.”
Proceedings of the National Academy of Sciences of the United
States of America 96 (11): 5995–6000.
Tsuji, G.Y., G. Hogenboom, and P.K. Thorton. 1998. Understanding
Options for Agricultural Production. New York: Springer.
Uddameri, V., S. Singaraju, A. Karim, P. Gowda, R. Bailey, and M.
Schipanski. 2017. “Understanding Climate-Hydrologic Human
Interactions to Guide Groundwater Model Development for
Southern High Plains.” Journal of Contemporary Water
Research and Education (162), 79–99. https://doi.org/10.1111/j.
1936-704x.2017.03261.x.
USDA. 2013. United States Department of Agriculture 2013 Farm
and Ranch Irrigation Survey, Volume 3, Special Studies, Part 1.
Washington, D.C.: USDA. http://www.agcensus.usda.gov.
USDA-NASS. 2017. United States Department of Agriculture —
National Agricultural Statistics Services: Find Data and
Reports by State. Washington, D.C.: USDA.
Walikar, L.D., M. Bhan, A.K. Giri, A.K. Dubey, and K. Agrawal.
2018. “Impact of Projected Climate on Yield of Soybean Using
CROPGRO-Soybean Model in Madhya Pradesh.” Journal of
Agrometeorology 3: 211–15.
Wang, F., C.W. Fraisse, N.R. Kitchen, and K.A. Sudduth. 2003.
“Site-Specific Evaluation of the CROPGRO-Soybean Model on
Missouri Claypan Soils.” Agricultural Systems 76: 985–1005.
https://doi.org/10.1016/s0308-521x(02)00029-x.
Wang, J., Y. Li, J. Huang, T. Yan, and T. Sun. 2017. “Growing
Water Scarcity, Food Security and Government Response in
China.” Global Food Security 14: 9–17. https://doi.org/10.1016/j.
gfs.2017.01.003.
Wilmott, C.J. 1981. “On the Validation of Models.” Physical Geogra-
phy 2 (2): 184–94.
Wu, W., J. Chen, H.G. Liu, and G. Hoogenboom. 2010. “Parameteriz-
ing Soil and Weather Inputs for Crop Simulation Models Using
the VEMAP Database.” Agriculture, Ecosystems & Environment
135 (1–2): 111–18. https://doi.org/10.1016/j.agee.2009.08.016.
Zwart, S.J., and W.G. Bastiaansen. 2004. “Review of Measured
Crop Water Productivity Values for Irrigated Wheat, Rice, Cot-
ton, and Maize.” Agricultural Water Management 69 (2): 115–
33. https://doi.org/10.1016/j.agwat.2004.04.007.
JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION JAWRA69
SIMULATING THE IMPACTS OF IRRIGATION LEVELS ON SOYBEAN PRODUCTION IN TEXAS HIGH PLAINS TO MANAGE DIMINISHING GROUNDWATER LEVELS
